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The CIBER collaboration released their first observational data of the Cosmic IR background
(CIB) radiation, which has significant excesses at around the wavelength ∼ 1 µm compared to
theoretically-inferred values. The amount of the CIB radiation has a significant influence on the
opaqueness of the Universe for TeV gamma-rays emitted from distant sources such as AGNs. With
the value of CIB radiation reported by the CIBER experiment, through the reaction of such TeV
gamma-rays with the CIB photons, the TeV gamma-rays should be significantly attenuated during
propagation, which would lead to energy spectra in disagreement with current observations of TeV
gamma ray sources. In this article, we discuss a possible resolution of this tension between the
TeV gamma-ray observations and the CIB data in terms of axion [or Axion-Like Particles (ALPs)]
that may increase the transparency of the Universe by the anomaly-induced photon-axion mixing.
We find a region in the parameter space of the axion mass, ma ∼ 7 × 10
−10
− 5 × 10−8 eV, and
the axion-photon coupling constant, 1.5× 10−11GeV−1 . gaγ . 8.8× 10
−10GeV−1 that solves this
problem.
PACS numbers: Valid PACS appear here
I. INTRODUCTION
The intergalactic space is not transparent for high en-
ergy photons due to the e−e+ producing reaction with
background photons. This reaction occurs when the en-
ergies of two photons, E1 and E2, satisfy the condition
E1E2 > m
2
e where me is the electron mass. Hence,
in particular, the opacity of the Universe for the TeV
gamma-rays emitted from distant sources such as Active
Galactic Nucleus (AGN, or blazar) is quite sensitive to
the amount of IR background radiation with wavelength
around 1 µm. This opacity can be determined by mea-
suring the energy spectra of gamma ray sources by such
as Fermi or H.E.S.S. and comparing them with theoret-
ical predictions. Most analyses of this sort such as [1]
suggested that the deduced opacity can be explained by
IR photons emitted from galaxies.
Recently, the CIBER experiment released the result of
their measurements of the cosmic IR background (CIB)
radiation [2], which is the first direct measurement of
the diffuse background spectrum at 0.8 – 1.7 µm. Re-
markably, they found that there exist clear excesses in
their data [37] compared with the previous prediction
theoretically-deduced by indirect observations [1] dubbed
“Franceschini” or “Franceschini-Th” in this article. If we
adopt this CIBER result, the observed energy spectra of
the TeV gamma-rays become inconsistent with reason-
able particle acceleration models at the emission sites
because of the huge absorption by the IR background.
One possible way to resolve this inconsistency is to
assume the existence of a hypothetical particle called
axion. [38] Axion was originally introduced to solve
the strong CP problem by the Peccei-Quinn mecha-
nism [11, 12]. When the chiral Peccei-Quinn U(1) sym-
metry breaks down spontaneously, a pseudo scalar par-
ticle called QCD axion appears as a Nambu-Goldstone
boson. One of the most important properties of the ax-
ion is that it couples gauge bosons through the Chern-
Simons (CS) term produced by the chiral anomaly. For
example, the CS coupling to electromagnetic fields reads
gaγaE · B, where a is the axion field, and the coupling
constant gaγ has the mass dimension minus unity. This
CS coupling induces axion-photon oscillations in exter-
nal magnetic fields B in the Universe. Because the in-
teraction of axion with matter is extremely weak, we can
utilize this oscillation to increase the transparency of the
universe [14–17].
Axion gains mass ma by non-perturbative effects. In
the case of QCD axion, ma is proportional to gaγ and as
a consequence, constrained by various astrophysical phe-
nomena to be larger than 10−6eV, which is too large to
solve the above problem. If we go beyond the standard
model of particles, however, other types of axions appear.
In particular, in string theories, a rich variety of axions
are expected to arise by compactification [13] universally.
To include such wider classes of axions, the term axion-
like particles (ALPs) are often used. For ALPs, the mass
ma and the EM coupling constant gaγ are treated as in-
dependent parameters. For example, see [18] for concrete
models.
In this article, we discuss the possibility to resolve
the above discrepancies among the observational data in
terms of ALPs. Actually we find an allowed parameter
region in the (ma, gaγ) plane. We use the natural (or
Heaviside-Lorentz) system of units ~ = c = 1 in this ar-
ticle. Hereafter, we do not distinguish two words, axion
and ALP.
2II. AXION PHOTON CONVERSION
Inside a jet of an AGN, protons are accelerate to high
energies and produce copious π0’s through non-elastic
p − γ scatterings. Then, π0 decays into the high-energy
photons. In the present article, we assume that TeV
gamma rays are mainly produced by this mechanism [39].
These TeV gamma ray photons can convert to axions
through the CS term gaγ ,
¯
E ·B under the presence of co-
herent magnetic fields B transversal to the photon prop-
agation direction. The conversion probability between
photon and axion is represented as [15, 17]
Pγ↔a =
hγ
1 +
(
Eγ
E∗
)−2 sin2

gaγBr
2
√
1 +
(
Eγ
E∗
)−2 , (1)
where Eγ is the photon energy, and E∗ = m
2
a/(2gaγB).
Here, hγ = 1/2 for γ → a after averaging over the pho-
ton helicity, and hγ = 1 for a → γ [19]. We do not
consider the resonant conversion [20] whose contribution
may widen the allowed axion parameter range.
From Eq. (1), we see that the probability becomes siz-
able when the following two conditions are satisfied:
1) for the photon energy Eγ ,
Eγ > E∗ = m
2
a/(2gaγB), (2)
2) for the distance r the photon propagates,
r & rha ≡ 2/(gaγB). (3)
In the present article, we adopt the notation g11 ≡
gaγ/10
−11GeV−1, B10µG ≡ B/10µG, and ma,neV ≡
ma/neV with 1neV = 10
−9eV. Then, we find E∗ in the
first condition (2) can be written
E∗ ∼
10GeVm2a,neV
g11B10µG
∼
102TeVm2a,neV
g11BnG
∼
10keVm2a,neV
g11B10G
(4)
and rha in the second condition (3) can be written
rha ∼
10kpc
g11B10µG
∼
103Mpc
g11BnG
∼
10−1pc
g11B10G
, (5)
respectively. Here, the three sets of values shown in (5)
correspond to those for r and B at 1) blazar jets, 2) Inter-
Galactic Spaces (IGSs), and 3) the Milky-Way (MW)
Galaxy, respectively.
If these two conditions are satisfied in the strong mag-
netic region around the gamma-ray source, a significant
fraction of the emitted gamma-ray photons are converted
to axions. Here, note that the condition (3) with (5) has a
very similar structure to the so-called “Hillas condition”
r & rHa = 10kpc(
ǫ
1019eV )(
B
10µG )
−1q−1 for the accelera-
tion of cosmic ray protons to energy ǫ [15]. This condition
means that a proton can be accelerated up to ǫ ∼ 1019 eV
if the acceleration region size is larger than the order of
its Larmor radius. In fact, when the Hillas condition is
satisfied in the TeV gamma-ray emission region, the con-
dition (3) is automatically satisfied, provided that the
maximal proton energy ǫmax is larger than g
−1
11 10
19 eV.
In the present article, we assume that TeV gamma-ray
extragalactic sources are also acceleration sites of high
energy cosmic rays up to 1019 eV at most, and that the
last condition is satisfied for the value of g11 relevant to
the present paper.
Axions produced around gamma-ray sources can ar-
rive at the MW galaxy without any absorption if they
do not oscillate back into photons during their travel in
the inter-galactic space for parameters of ma < neV and
B . O(1)nG (The upper bound on B at IGS). Inside the
Galaxy then, axions can oscillate back into photons if the
conditions (2) and (3) are satisfied. Thus, we can observe
TeV gamma-rays from distant blazars without suffering
from severe absorption even with such a large amount of
CIB background radiation reported by CIBER. In Fig. 1,
we plot the data of the CIB radiations.
FIG. 1: Observed spectra of the IR background by the CIBER
collaboration [2]. Franceschini-Th means the line of the
theoretically-inferred values reported by Ref. [1]. Hereafter
we use names of the data to be CIBER (CIBER 2016), IRTS
(IRTS 2015), and AKARI (AKARI 2013) in the text. We
adopt a lower bound on a each bin by taking the lower end
due to a systematic error and a 2σ statistical error. For the
references of these observational data, see [2, 22] and refer-
ences therein.
It is notable that the decrease of the observed isotropic
IR spectrum due to the pair-annihilation between an IR
photon and a TeV gamma-ray should be negligible com-
pared with the total CIB radiation which is uniformly-
filled in the cosmological volume. Thus, we will not be
able to observe such a small deficit in Fig. 1.
The current model with the axion-photon conversion
can solve the tension between the observed TeV gamma-
ray spectrum and the theoretically-predicted one suf-
fering from the significant absorption due to the large
amount of CIB radiation in the CIBER data. Thus, this
model does not modify the difference itself between the
3line of Franceschini et al and the one reported by the
CIBER experiment.
III. ABSORPTION OF GAMMA-RAYS BY
COSMIC IR BACKGROUND RADIATION
The threshold energy Eth of the gamma ray photon for
the reaction γ + γBG → e
+ + e− is approximately given
by
Eth ∼
m2e
EγBG
∼ 1TeV
(
EγBG
1eV
)−1
, (6)
where EγBG is the energy of background photons. For a
gamma-ray that was emitted at the redshift z = zs and
arrives at the MW (z = 0) with energy Eγ is estimated
as
τ(Eγ) =
∫ zs
0
dz
(1 + z)H(z)
×
∫
E′
γ
≥Eth(EγBG )
dEγBG
dnγBG
dEγBG
σ¯(E′γ , EγBG),(7)
where
dnγBG
dEγBG
is the spectrum of the background radiation
at z as a function of EγBG , E
′
γ = (1 + z)Eγ , and
σ¯(E′γ , EγBG) =
∫ 1−2/E′
γ
EγBG
−1
dµ
1
2
(1− µ)σγγ→e+e−(s).(8)
Here, µ is the cosine of the angle between the photon
propagation directions, s = 2E′γEγBG(1− µ) is the Man-
delstam variable for the center-of-mass energy, and the
cross section σγγ→e+e−(s) is given by
σγγ→e+e−(s) =
3
16
σT(1− β
2)
×
[
(3 − β2) ln
1 + β
1− β
− 2β(2− β2)
]
, (9)
where σT is the Thomson cross section, and β = 1 −
4m2e/s.
Using these formulas, we have numerically calcu-
lated the absorption factor Exp[−τ ] of gamma-rays for
three IR background radiation density models, the pure
Franceschini-Th model, its combination with CIBER and
with CIBER, IRTS and AKARI. Possible redshift evolu-
tions of the IR background due to evolutions of sources
are included (e.g., see [1]). The results are plotted in
Fig. 2,
These results can be understood in the following way.
First, from the above formulas, the gamma-ray horizon
length rHγ can be estimated approximately as
rHγ (Eγ) ∼ 500Mpc
(
nγBG
2× 10−3cm−3
)−1
, (10)
where we have normalized nγBG by the value corre-
sponding to the IR photon density 10nWm−2sr−1 ∼
2 × 10−3eVcm−3 at the wavelength ∼ 1 µm or the en-
ergy EγBG ∼ 1.23 eV(λ/µm)
−1 ∼ 1eV. For the redshift
z = 0.1 (z = 0.2), the distance is approximately given by
r ∼ 400Mpc (r ∼ 700Mpc), hence the opacity τ = r/rHγ
estimated by (10) roughly reproduces the results shown
in Fig. 2. From this figure, we clearly see that a signifi-
cantly larger fraction of gamma-rays are absorbed if we
include the CIB photons suggested by the CIBER data.
FIG. 2: Absorption factors Exp[−τ ] by the IR background
radiation for the three cases, Franceschini-Th (dotted line) [1],
Franceschini-Th + CIBER (dashed line), and Franceschini-
Th + CIBER + IRTS + AKARI (solid line) for two redshift
values z = 0.1 and 0.2.
IV. ANALYSES
By choosing the axion mass ma and the axion-photon
coupling gaγ , we can calculate the gamma-ray spectrum
which is observed in the MW Galaxy by tracing the os-
cillation between photon and axion, and the absorption
due to the reaction with the background radiations. In
Fig. 3 and Fig. 4, we plot the expected spectra obtained
by this method with the source spectra being determined
by fitting to the observational data reported by Fermi [21]
and H.E.S.S. [22] for H2356 309 and 1ES1101 232, respec-
tively. Here, we have adopted as the IR background the
values of CIBER + Franceschini-Th [40]. About the sine
function in Eq. (1), if the oscillation is rapid, i.e., the
phase of the sine function becomes larger than O(1) rad,
we take the averaged value for the square of the sine func-
tion, e.g., according to Refs. [15, 17, 19, 24]. This kind of
treatments can be justified because spatial fluctuations of
magnetic fields could be expected to be larger than O(1)
along the line of sight toward each gamma-ray source, by
which small structures of the rapid-oscillatory features of
the spectra should be smeared out. This approach would
be different from that adopted by the Fermi-LAT collab-
4oration in [25] for a different target. In this paper, they
took seriously precise oscillatory features of gamma-ray
spectra produced by the oscillation to axions, although
the result of their model is highly dependent on the con-
figuration of magnetic fields they adopted including their
coherentness.
FIG. 3: Gamma-ray spectrum fitted to the data of H2356 309
(the redshift is z = 0.165 which gives the distance∼ 610 Mpc).
Here, we adopted gaγ = 3.2 × 10
−11GeV−1 and ma = 3.2 ×
10−9 eV. The reduced χ2 is estimated to be χ2/d.o.f = 1.1,
which is improved from the case without axion χ2/d.o.f = 2.2.
The fitted value of the photon index is Γs = 2.3. We followed
the way of plotting shown in [17]. The dashed line is the
original spectrum at the source.
FIG. 4: Same as Fig. 3, but for 1ES1101 232 (the redshift is
z = 0.186 which gives the distance ∼ 680 Mpc.). The reduced
χ2 is estimated to be χ2/d.o.f = 0.69, which is improved from
the case without axion χ2/d.o.f = 2.0. The fitted value of the
photon index is Γs = 1.9.
In Fig. 5, we plot the contours of the allowed regions
in the (ma, gaγ) plane at 95% C.L. by the χ
2 fittings
with combining the data of H2356 309 and 1ES1101 232
for the data of CIBER + Franceschini-Th, and CIBER
+ IRTS + AKARI + Franceschini-Th. Inside the con-
tour, the tension between the IR background and the
gamma-ray observations can be solved. The CAST ex-
periment gives the upper bound on the photon-ALP cou-
pling to be gaγ < 8.8 × 10
−11GeV−1 at 95% C.L. for
ma . 0.02 eV [27]. The shape of the allowed region can
be simply understood as follows. The bottom region is
excluded by the Hillas condition where Eq. (3) is not sat-
isfied in the MW Galaxy. The right region is excluded
by the first condition shown in Eq. (2) for a insufficient
oscillation into gamma-rays from axions inside the MW
and the source. The left region is excluded because of
oscillations from axion into photon in the IGS.
FIG. 5: Contours of the allowed regions in the (ma, gaγ)
plane at 95% C.L. by the χ2 fittings with combining the data
of H2356 309 and 1ES1101 232 for the data of CIBER +
Franceschini-Th (outer line) and CIBER + IRTS + AKARI +
Franceschini-Th (inner line). Inside the contour, the tension
between the IR background and the gamma-ray observations
can be solved. The horizontal line gives the upper bound on
gaγ obtained by the CAST experiment [27].
V. CONCLUSION AND DISCUSSION
In this article, we have discussed the problem related
with the tension between the TeV gamma-rays emitted
from distant AGNs (z & 0.1) and the IR background ra-
diation which is recently-observed by the CIBER rocket
experiment collaboration [2]. Such a TeV gamma-ray
can be absorbed by the IR background radiation during
its travel to the Milky-Way Galaxy through the inter-
galactic space. In order to solve this problem, we have
considered a possible mixing between photon and axion.
TeV gamma-rays produced in the jet of an AGN can be
converted into axions in the same site. Then the axions
come to the Milky-Way Galaxy and oscillate back to the
gamma-rays there. Thus, gamma-rays can evade absorp-
tion by the reaction with the IR background radiation.
5We have found an allowed region in the (ma, gaγ) plane
under the optimistic but realistic assumptions that the
sites for the following three processes coincide; the ac-
celeration of high-energy protons, the production of TeV
gamma-rays from those protons, and the conversion of
gamma-rays to axions [41]. In this case, we obtain
ma ∼ 7×10
−10−5×10−8 eV for the axion mass, and 1.5×
10−11GeV−1 . gaγ . 8.8 × 10
−10GeV−1 for the axion-
photon coupling. This parameter region will be mea-
sured by future experiments, ALPS II [30], IAXO [31], or
ABRACADABRA [32]. Concretely, ALPS II and IAXO
are expected to exclude gaγ down to 2×10
−11 GeV−1 [30]
and 6×10−12 GeV−1 [33], respectively. In addition, it has
been reported that ABRACADABRA will potentially ex-
clude much larger regions [32].
The above assumptions were chosen to manage to solve
the problem. However, they are really reasonable because
they come from two conditions Eqs. (2) and (3). The
latter actually has a close relation with the Hillas condi-
tion. That means TeV gamma-rays necessarily oscillate
into axions in the source where high-energy protons pro-
ducing these TeV gamma-rays are accelerated.
A part of the allowed region obtained in the cur-
rent work might have been already excluded by the
analysis done by the Fermi-LAT collaboration based
on their observations of gamma-rays from a different
object, NGC1275 [25] (See also excluded regions by
H.E.S.S. [34]). However, it should be noted that the anal-
ysis in those papers strongly depends on their models of
magnetic field structures, and as a consequence does not
give the most conservative limit in the (ma, gaγ) plane.
They also used oscillatory features of the photon-axion
conversion, which is different from our method (see the
text). For similar works on the resolution of the tension
with model-dependent analyses for magnetic field struc-
tures, see also Ref. [35] and references therein. We do not
insist our method is the best one, but we have just pro-
posed an example of optimistic resolution to the tension
by adopting the ALPs-photon conversion.
In the future, we expect that the Cherenkov Telescope
Array will give more precise data on TeV gamma-rays
from high-redshifted objects [36]. Then the uncertainties
related with the tension between the TeV gamma-rays
and the IR background radiation will be clarified, and at
the same time, information on the magnetic field struc-
tures will be obtained. Those attempts will open a win-
dow to probe fundamental physics, such as the compact-
ification of string theory, by astrophysical phenomena.
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